). MeHNL showed increased operational stability, possibly due to a structural difference. The continuous flow microreactor outperformed batch systems, demonstrating the advantage of the mesoporous/macroporous environment for the expression of enzyme activity and the favorable characteristics of the microreactor. Overall, the system shows great potential for future industrial application of biocatalytic asymmetric syntheses.
Introduction
For large-scale production it is essential to operate continuously, both from an economical and sustainable perspective, and the petrochemical and food industries cannot be imagined without continuous processing. Naturally, this also holds for industrial biotransformations. Successful biocatalytic examples on a million ton scale include the production of high fructose corn syrup catalyzed by glucose isomerase and the transesterification of oils with lipases. 1 Here, the development of immobilized enzymes paved the way for continuous operation in packed-bed reactors or stirred tank reactors in series. Despite these advances, the production of chiral compounds for the pharmaceutical and fine chemical industry is still dominated by batch-wise operation. 2 For the realization of high enantiopurities, enzymes have established themselves as key catalysts and provide the most atom efficient route towards chiral building blocks, as recognized by many Presidential Green Chemistry awards. 3, 4 A prime example of highly selective biocatalysts are hydroxynitrile lyases (HNLs). This group of versatile enzymes catalyzes the enantioselective addition of nucleophilic cyanide to prochiral carbonyl compounds, realizing the formation of industrially important chiral cyanohydrins. [5] [6] [7] [8] [9] [10] [11] [12] [13] Arguing from the green chemistry principles perspective, 14 flow chemistry yields significant waste reductions by decreasing reaction volumes (principle 1) and energy consumption (principle 6), in particular if minimal back pressure needs to be overcome. Given the great asset of continuous operation and the versatility of HNLs, the covalent immobilization of HNLs in a siliceous monolithic microreactor and its exploration in a continuous flow system to achieve maximum control in minimum timeframes is herein presented. Recently, the application of immobilized enzymes in continuous flow (micro) reactors is gaining momentum. [15] [16] [17] [18] [19] [20] [21] [22] Flow systems are advantageous compared to batch operation as no catalyst separation step is required, the catalyst can easily be reused, higher productivities can be achieved and catalyst instability problems due to high shear forces are precluded. [23] [24] [25] Additionally, the microreactor technology provides a handle to tune reaction conditions, facile scale-out by parallelizing multiple units and process intensification or even automation. On top of that, process safety is improved by reduced reactor volumes and possibilities for in situ generation of hazardous substances. 15, 18, [26] [27] [28] [29] [30] [31] Compared with the traditional packedbed-reactor, siliceous monolithic microreactors are superior. They exhibit reduced back-pressure drops and the 3D hierarchical/torturous porous structure of the microchannels and mesopores creates a high surface-to-volume ratio. This results in very intensive homogenization of reactants even in the laminar flow rate range, which reduced diffusional times and enhanced mass transfer, while simultaneously providing ample surface for enzyme immobilization. 32, 33 To visualize this: several aspects change when switching from a dissolved enzyme or an enzyme attached to a small particle to an enzyme immobilized on a monolith reactor surface. Both, the enzyme in solution or the enzyme on a particle will move together with the reaction mixture and thus move with a similar motion as the reaction mixture. An enzyme attached to a surface will not move, the difference in motion between the enzyme and the reaction mixture will thus be large. With laminar flow mixing will however still not be optimal (Fig. 1a) . In the twisting microchannels rapid mixing and a large difference in motion between the stationary enzyme and the reaction mixture enables the above described rate enhancements (Fig. 1b) . Given this background, the covalent immobilization of two homologous (S)-selective HNLs, HbHNL (from Hevea brasiliensis) and MeHNL (from Manihot esculenta), on modified silica supports and finally the design of an enzymatic monolithic microreactor is reported. As both enzymes are very similar, possible differences in the immobilization will indicate whether immobilization conditions are general or separate conditions are necessary for each enzyme. First, a thorough characterization of the immobilized HNLs on amino and epoxy grafted siliceous mesostructured cellular foam powders (MCF-APT and MCF-GPT respectively) is presented. This provides the foundation for the subsequent enzyme immobilization in the siliceous monolithic microreactor. The immobilized HNLs are explored in batch and continuous reaction systems. The first ever reported chiral synthesis, the enantioselective formation of chiral mandelonitrile, is employed as test case (Scheme 1). 34 
Results and discussion

Enzyme immobilization and characterization
The (S)-selective HbHNL and MeHNL were recombinantly expressed and purified from bacterial hosts. Utilizing the PDB structures of HbHNL (3C6X) 35 and MeHNL (1DWP) 36 the relevant enzyme parameters for the immobilization were determined with PyMOL Molecular Graphics System. 37, 38 For both biocatalysts, the homodimer structures measure less than 10 nm in their longest extension ( Fig. 2a and b) . With the aim of a covalent immobilization, the number of surface lysine residues was determined as 36 lysines per homodimer (in magenta in Fig. 2c and d) . Both enzymes are discussed as homodimers in neutral aqueous solution here to ease comparison. For HbHNL rigorous proof for this was provided 40 while for MeHNL this is supported only by crystallography. 12 In solution a tetrameric structure is more likely but not proven. 41 The consequences of this tetrameric structure will also be discussed below. The amino acid arrangements show that the HNLs possess a more hydrophilic surface, as can be expected for enzymes that display their natural activity in aqueous surroundings ( Fig. S1a and b †) . A Poisson-Boltzmann electrostatic surface potential calculation indicates that they are overall negatively charged in neutral aqueous solution ( Fig. S1c and d †) . It is precisely for those reasons that a hydrophobic carrier should not be deployed for the HNL immobilization, as it can induce adverse folding effects and lead to unfavorable non-specific interactions with enzymes and/or products. 42 Hence, the HNLs were covalently immobilized on hydrophilic mesoporous silicates, i.e.: mesostructured cellular foam functionalized with 3-aminopropyltrimethoxysilane (MCF-APT) and 3-glycidyloxypropyltrimethoxysilane (MCF-GPT). With a collection of transmission electron microscopy (TEM) images the pore size diameters (d p ) of the MCF carriers were estimated to be 26 nm (MCF-APT) and 27 nm (MCF-GPT) (Fig. S2 †) and thus even in the most unfavorable orientation both HNLs will fit in the mesopores. Moreover, this translates to an internal single pore volume of 9200 nm 3 (MCF-APT) and 10 300 nm 3 (MCF-GPT), which is more than 100 times the volume of the enzyme homodimer. Ideally, the covalent immobilization can be accomplished by reacting the surface lysines of the enzyme with either reactive epoxides or aldehydes (obtained after glutaraldehyde activation of amino functionalized carriers 43 ) of the MCF carrier, creating either an amine or diimine (Scheme S1 †). The number of accessible surface lysines ( Fig. 2c and d ) and the amount of grafted organic content on the MCF carriers, determined as 9 wt% for MCF-APT and 7 wt% for MCF-GPT by thermogravimetric analysis (TGA) (Fig. S3 †) , were used for the calculation of the minimum enzyme : support immobilization ratio. For the covalent immobilization experiments at least a 1 : 1 enzyme versus MCF-APT w/w ratio and a 1 : 2 w/w ratio enzyme versus MCF-GPT has to be deployed to ensure that all enzyme units will be covalently immobilized, which overall gives a 2-3 times molar excess of functional carrier groups (Table 1) . With this excess of carrier functionalities a covalent attachment can be guaranteed (Table 1) . 44 However, in order to minimize the biocatalyst load higher enzyme : support w/w ratios were tested (Table 2), 1 : 10, 1 : 20 and 1 : 40 respectively. The data in Table 2 disclose that HNLs 
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immobilized on the activated MCF-APT carriers gave the highest protein loadings and were most active in the cleavage of (rac)-mandelonitrile ((rac)-2) (cyanolysis assay).
In the case of MCF-GPT carrier most protein was washed off during the buffer washing steps. These results were in accordance with earlier research, which proved the glutaraldehyde crosslinked systems as superior. 46, 47 This can be ascribed to the creation of a favorable microenvironment for the expression of enzyme activity, which is cooperatively generated by the pores of the MCF material with the glutaraldehyde tether. 46 Fig. S5 . † The latter finding is in line with the fact that unreacted glutaraldehyde crosslinks were washed off during the buffer washing after immobilization. This idea is further supported by the high immobilization yields for MCF-APT based on the analysis of the buffer washing steps ( Table 2 ). For HbHNL-MCF-GPT and MeHNL-MCF-GPT on the other hand the organic material content did not increase significantly, which is in conjunction with the results in Table 2 , indicating that most protein was washed off. Moreover, TEM images after immobilization showed denser silica network arrays than before (Fig. S6 † ). Yet, with SEM, no morphological differences were observed for the immobilized enzymes compared to the functionalized carriers ( This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
Batch and continuous synthesis of (S)-mandelonitrile ((S)-2)
The immobilized HNLs were deployed as catalysts in the enantioselective synthesis of (S)-mandelonitrile ((S)-2) (Scheme 1) in batch and continuous flow systems in monophasic buffer saturated (citrate/phosphate pH 5.0, 50 mM) MTBE. The advantage offered by the organic phase is typically the realization of high substrate concentrations and increased enzyme stability. 5, 51 Additionally, the organic medium also enables the efficient suppression of the undesired non-selective base catalyzed chemical background reaction (Scheme 1). 5 The batch system resulted in a final ee of 87% (S)-2 at a reasonable conversion (38%) with HbHNL-MCF-APT (2.5 mg total protein; 150 U) after 3 h ( Fig. 3a and S8 †). Moreover, the pH of the reaction played a key role and the silica support catalyzed the racemic background reaction ( Fig. S9 and S10 † for blank reaction profiles with and without carrier), hence limiting the final ee of the product. This observation has also been reported for other silica carriers, such as Celite. [52] [53] [54] Due to this non-selective background reaction, the enantiomeric purity of the product can only reach high values at the beginning of the reaction. However, almost full conversion (94%) of benzaldehyde (1) was only observed after ∼30 h, leading to a poor final product ee of 42% (S). Fascinatingly, switching to a continuous microreactor flow system with HbHNL (11.3 mg total protein; 1120 U) immobilized on the amino functionalized (and glutaraldehyde activated) monolithic microreactor (Scheme 2) led to major improvement of the catalytic performance. Full conversion and excellent ee (99% (S)-2) were achieved within minutes with minimal enzyme loading ( Fig. 3b and S11 †). HbHNL showed the highest conversion (98%) with excellent ee (99% (S)-2) at 0.075 mL min −1 flow rate (residence time of 12.8 min). To directly compare the rate of the enzyme under the different conditions rather than overall conversions the specific rates were calculated. These are normalized for the amount of enzyme immobilized and can thus be compared directly. In terms of specific reaction rate (r) -mmol of product formed per minute per g enzyme (explanation of calculation given in ESI † section N) 20,55 -at a similar conversion degree (∼43%), the HbHNL continuous flow system is 8 times faster than the batch analogue with r flow of 5.6 mmol min . The continuous flow microreactor system can effectively suppress the racemic background reaction at pH 5.0, especially when reaching higher flow rates (shorter residence times) (Fig. S13 † for blank reaction). The background reaction (monolith activated with glutaraldehyde -without enzyme) showed a maximum of 15% conversion when a low flow was applied (0.045 mL min −1 ), whereas 8-10% conversion was reached with flows between 0.1 and 0.2 mL min −1 . This finding is in agreement with the batch reaction results for which longer reaction times also resulted in a competing racemic background reaction. The enzyme-catalyzed enantioselective reaction is significantly faster when boosted by operating at higher flow rates, due to greatly enhanced mixing of liquid reagents as well as the intensified mass transport to the liquid-catalyst/enzyme interface (Fig. 1b) . These outcomes are in line with the 
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results reported for acyltransferase from Mycobacterium smegmatis (MsAcT) immobilized on silica monoliths. 56 The excellent performance of the biocatalyst and control of product formation might be ascribed to the favorable expression of enzyme activity in a distinct, mesoporous/macroporous environment with increased surface-to-volume ratio. However, this should not differ between a batch and continuous reaction given similar surface to volume ratios. For the monolithic reactor the latter value is about 60 m 2 mL −1 (6 × 10 7 m 2 m −3 ), i.e. three orders of magnitude larger than for the batch slurry system. Another distinct difference between the two approaches is the intrinsic property of the microreactor with its tortuous pore structure (SEM images in Fig. S7c and d †) . This induces very intensive lateral mixing and enhanced mass transport. Consequently, diffusional limitation of the reaction rate is greatly relaxed and a very strong effect on the overall catalytic activity and productivity is observed (Fig. 1b) . 56 In effect, protein loading of the monolith may potently be much larger, and this would translate into enhanced activity and thus reactor productivity. The application of hydrophilic mesoporous/macroporous monoliths with meandering/twisting flow-through channels facilitates a chaotic movement of reactants and results in intensive mixing and enhanced mass transport to the enzyme and decreased diffusional times. 26, 57 Typically, characteristic reaction times (inverse of k cat ) of 0.01 to 1 s are found for enzyme catalyzed reactions, and they are perfectly in the range of (micro) mixing times observed in stirred tank (batch) reactors. 58 Thus, under homogenous conditions (one-phase systems, but also a slurry system with fine particles) the apparent (observed) reaction rate is seriously limited, in fact controlled, by the intensity of mass transfer. Overall the substrates as well as the (immobilized) enzymes all move into the same general direction. However, in our system transport has to take place from the fluid (MTBE with HCN and benzaldehyde) to the solid stagnant phase/microreactor with immobilized biocatalyst. Here, intensification of mass transfer and mixing appeared to have a very significant impact on the apparent reaction rate and hence overall productivity. Similar effects have been shown in previous studies with heterogeneously catalyzed reactions and liquid-liquid biphasic solvent system. 15, 16, 59 In particular, when comparing the batch and flow systems it is evident that the batch system is hampered by the competing racemic background reaction and mass transfer to the active sites of the enzyme whereas in the continuous flow system these problems can be effectively overcome by the chaotic movement induced by the tortuous microreactor structure. Next, the MeHNL amino functionalized (and glutaraldehyde activated) monolithic microreactor (17.4 mg total protein; 1310 U) was tested in continuous flow reactions and even showed 97% conversion and 98% ee (S)-2 with a flow of 0.3 mL min −1 and residence time of only 3.2 min (Fig. 3c and S12 †). The increased stability of MeHNL at higher flow rates compared to HbHNL is most likely attributed to the immobilization of MeHNL tetrameric structures inside the pores (Fig. 4) . 60, 61 The MeHNL tetramer with a longest extension of 9.8 nm still fits in the mesopores and harbors more surface lysines for immobilization. This way, the tetramer can create more anchor points with the carrier surface and forms a rigid structure, which is more resistant against high flow. Subsequently, the stability of the MeHNL-silica monolith was tested for prolonged reaction times at two different flow rates (Fig. 5) . At a flow rate of 0.1 mL min −1 MeHNL was stable for about 8 h on stream, while at 0.2 mL min −1 flow this was reduced to 4 h. Clearly, higher flow rates have a negative impact on the enzyme stability, which leads to a trade-off Scheme 2 Synthesis of (S)-mandelonitrile ((S)-2) in buffer saturated MTBE (citrate/phosphate (pH 5.0, 50 mM)) continuous flow reaction system with HNL immobilized on amino functionalized (and glutaraldehyde activated) siliceous monolithic microreactor. Fig. 4 MeHNL tetramer surface representation (longest extension: 98.0 Å). 60 Surface lysine residues are highlighted in magenta. X-ray structure 1DWP 36 was obtained from the PDB 38 and the image was created using the PyMOL Molecular Graphics System. 
between minimization of the racemic background reaction (at higher flows) and increased enzyme stability (at lower flows). Placing this into context, the native MeHNL is reported to be stable at 4°C for up to one year, while HbHNL has a storage stability of a few months. 12 Likewise, the immobilized HNLs on the powdered MCF carriers in this work did not lose their activity even after five weeks of storage in potassium phosphate buffer (pH 7.0, 100 mM) at 4°C. On that account, the most plausible cause for the limited enzyme stability in the flow system (Fig. 5 ) and subsequent enzyme deactivation is the exposure to high shear forces, rather than the intrinsic stability of the (immobilized) enzymes. Ultimately, the productivity of the enzymatic microreactor can be expressed in terms of space time yield (STY) HbHNL and MeHNL respectively, thus showing excellent productivities in the same order of magnitude. Moreover, the volume of the reaction is reduced by switching from batch (2.2 ml) to flow (1 ml) reactor volume, realizing the desired waste reduction. Overall, the combination of HNLs in a siliceous monolithic microreactor created a very active catalyst, which as of now has never been reported for HNL-based microreactors or even for enzyme-based microreactors in asymmetric synthesis. Recently a continuous flow cascade with hydroxynitrile lyase (AtHNL from Arabidopsis thaliana) was described. In this system a packed-bed reactor (microbore column 3 × 50 mm) filled with celite-AtHNL was used for the enantioselective production of (R)-mandelonitrile ((R)-2). The highest conversion (85%) and ee of 96% (R) were achieved with 100 mg celiteAtHNL (25 mg enzyme loading) at 0.04 mL min . Evidently, the reported STYs values here for the HbHNL and MeHNL-silica monoliths are a significant step forward. We believe that the specific covalent immobilization method and the intrinsic properties of the microreactor are more suited for achieving maximum control in short timeframes than the traditional packed-bed reactors.
Conclusion
HbHNL and MeHNL were successfully immobilized on porous silica supports with high yields and deployed as catalysts in batch and continuous synthesis of (S)-mandelonitrile ((S)-2). With the design of a continuous flow microreactor containing minimal HNL loadings, a drastic enhancement of the catalytic performance as compared to the batch system was achieved, leading to full conversion and high ee (99% (S)-2) within minutes. Thus the process intensification resulting in exceptional STYs, solvent reduction and lower energy consumption is achieved. Moreover, no catalysts removal step is necessary in the continuous reaction, improving the step economy. MeHNL displayed increased operational stability compared to HbHNL, reasonably due to immobilization of tetrameric structures. Our studies clearly highlight the importance of carefully selecting a reaction system for a specific biotransformation, show that enzyme-catalyzed reactions can benefit greatly from reaction engineering and further the assembly of continuous flow microreactor cascades. The successful application of a monolithic microreactor as enzyme 
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carrier for the first ever described enantioselective synthesis bodes well for future industrial continuous production of chiral building blocks.
Experimental section
Caution: Potassium/sodium cyanide and hydrogen cyanide (HCN) are poisonous. Experiments were performed in a wellventilated fume hood with a calibrated HCN detector. HCN liquid and solid wastes were neutralized with commercial bleach and disposed. 64 
General
Chemicals were purchased in the highest available purity from Sigma-Aldrich, VWR, Acros Organics or Avantor Poland and used without further purification unless reported otherwise. Petroleum ether (PE) was distilled prior to use. (rac)-Mandelonitrile ((rac)-2) was freshly purified by column chromatography (gradient PE/EtOAc 9 : 1/3 : 7) with the flash chromatography system (Reveleris X2 Flash instrument) using a pre-packed silica column (40 μm, 12 mg, GRACE) and stored at −20°C protected from light and under nitrogen atmosphere. Benzaldehyde (1) SEM was performed on a JEOL JSM-6010LA analytical microscope equipped with JEOL JSM 6010 software. The fieldemission gun operated at 5.0 kV acceleration voltage. TEM was carried out on a JEOL JEM-1400 PLUS with electron tomography software operating at 120 kV (LaB 6 filament). For the TEM sample preparation, the material was finely ground with ethanol in an agate mortar and a droplet thereof was placed on the TEM grid (carbon-copper). UV spectroscopy was carried out with a Cary 60 UV-vis spectrophotometer (Agilent Technologies) connected to a Cary single cell Peltier accessory (Agilent Technologies). HPLC analyses were performed on a chiral HPLC system (Waters or Agilent Technologies 1200 series) with differential refractometer and UV/ VIS detector, column thermostat, autosampler, HPLC pump and equipped with a chiralpak AD-H column (Daicel, 4.6 × 250 mm, 5 μm). NMR spectra were recorded on an Agilent-400 MR DD2 and are internally referenced to residual solvent signals. Data for 1 H NMR are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet) and integration. Data for 13 C NMR are given in terms of chemical shift. Room temperature in the laboratory was measured as 18-22°C.
Synthesis of MCF carriers
In a typical procedure Pluronic P123 (poly(ethylene oxide)-block-polyĲpropylene oxide)-block-polyĲethylene oxide); EO20-PO70-EO20) (2 g) was dissolved in 1.6 M HCl (75 mL) at room temperature. 66 Then, the organic swellings agents, 1,3,5-trimethylbenzene (5.8 mL) and NH 4 F (0.023 g) were added under vigorous stirring and the mixture was heated to 40°C. After 1 h stirring, tetraethyl orthosilicate (TEOS) (silica and ethanol source) was added (4.7 mL), whereupon the mixture was stirred for 1 h, then stored at 40°C for 20 h and finally at 100°C for 24 h. After cooling to room temperature, the white precipitate was filtered, dried at room temperature for 4 days and calcined at 500°C for 8 h, finally obtaining the siliceous MCF material.
Post-functionalization of MCF carriers
MCFs were grafted with aminopropyl (amino functionality) and glycidyloxypropyl (epoxy functionality) groups using the respective organosilane precursors. Before functionalisation, MCFs were brought into contact with water vapour for 5 h and then dried at 200°C for 2 h. Functional groups were grafted onto the MCFs surface by reacting the surface silanol groups of silica with the suitable organosilanes (3-aminopropyltrimethoxysilane (APTS) and 3-glycidyloxypropyltrimethoxysilane (GPTS)) dissolved in toluene under reflux (24 h, 85°C), eventually obtaining a load of the functional moiety of about 1.5 mmol per g of silica. In particular, 20 mL of the solution containing APTS or GPTS were stirred under reflux with 1 g of MCF for 24 h. After filtration, the solvent was evaporated at 60°C.
Synthesis of silica monolith
The general procedure was as follows: 32,66 first polyethylene glycol 35 000 (PEG, 9.09 g) was dissolved in 1 M HNO 3 (104.6 mL), after which tetraethoxysilane (TEOS, 87.1 mL) was added slowly under stirring (500 rpm) to the PEG solution in an ice bath followed by the addition of cetyltrimethylammonium bromide (CTAB, 4.016 g). The solution was mixed and then left to gel in polypropylene tubes at 40°C and aged for 10 days. Next the alcogels obtained were impregnated with 1 M ammonia solution for 9 h at 90°C. The samples were washed with water, dried at room temperature and then calcined at 550°C for 8 h (ramp of 1°C min −1 ) to obtain silica rods 50 mm in length and 6 mm in diameter. The monoliths were functionalized and clad with polymer resin (L285MGS-H285MGS type) to obtain single-rod continuous-flow microreactors with a reactor volume of 0.96 mL (cylinder volume corrected with porosity factor of 85%). This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Functionalization of silica monolith-amino functionalized carrier
Pristine silica monoliths were modified to attach the enzyme non-specifically by means of amino glutaraldehyde linkage. In short, oven-dried (overnight, 150°C) silica monoliths (1 g) were gently stirred and refluxed with 3-aminopropyltrimethoxysilane (0.27 mL) in 35 mL of dry toluene for 72 h. After taking out the monoliths, they were washed with toluene and dried.
Cloning, overexpression and purification of HbHNL and MeHNL
Nucleotide and protein sequences of HbHNL and MeHNL are given in ESI † section O. The synthetic gene of HbHNL (accession number U40402.1) was subcloned using NcoI and HindIII restriction enzymes and ligated into an equality treated pSE420 vector (Invitrogen). The resulting construct was named pSE420hbhnl. The gene of MeHNL (without Histag, as confirmed by sequencing) was amplified by PCR from vector pBADmehnl using primers 5′-CATGCCATGGTGACCG CACATTTTGTTCTGATTC-3′ (fwd, including NcoI) and 5′-CGTTTCACTTCTGAGTTCGGCATGGG-3′ (rev, including BsmFI). Later, digestion using NcoI and BsmFI restriction enzymes was carried out. Using the same strategy, the linearised pSE420 vector was obtained from the construct pSE420hbhnl, and ligated to mehnl resulting in vector named pSE420mehnl. Constructs pSE420hbhnl and pSE420mehnl were transformed into electrocompetent E. coli TOP10 cells via standard procedure.
Stocked (−80°C) E. coli TOP10 pSE420mehnl or E. coli TOP10 pSE420hbhnl cells were spread in a LB agar plate containing ampicillin (100 μg mL Overexpressed cells (12 grams) carrying MeHNL or HbHNL were resuspended in 100 mL of buffer A and lysed with a French press (Multi Shot, Constant Cell Disruption Systems LA Biosystems). After centrifugation the supernatant was filtered with Whatman filters (GE Healthcare, pore size 0.45 μm) and loaded into a previously equilibrated Fast Flow Q-Sepharose column (61 mL) with buffer A in a NGC™ 10 Medium-Pressure Chromatography Systems (Bio-Rad). After washing, the target proteins eluted in a gradient from 10% to 100% sodium acetate buffer (25 mM, pH 5.8 + 0.5 M NaCl) (12 CV, 7 mL min
) and monitored via UV detection at 280 nm. Fractions containing the desired protein (as analysed by SDS-PAGE) were collected, slowly salted with 1.5 M (NH 4 ) 2 SO 4 , filtered and loaded into a previously equilibrated Phenyl Sepharose Fast Flow column (18 mL) with 50 mM potassium phosphate buffer (50 mM, pH 7.0 + 1.5 M (NH 4 ) 2 SO 4 ). After washing, the elution step started with a gradient (5 CV, 6 mL min
) from 0% to 50% of elution buffer potassium phosphate (50 mM, pH 7.0). Then an isocratic flow of 50% of elution buffer was performed (5 CV, 6 mL min
). Finally, a slower gradient (15 CV, 6 mL min
) from 50% to 100% of elution was applied. Fractions containing the desired protein (as analyzed by SDS-PAGE) were collected, concentrated by ultrafiltration using Amicon filters (10 kDa cutoff, Merck) and desalted using PD10 (GE healthcare), 100 mM potassium phosphate pH 7.0 was used as storage buffer. As a result, 18 mg and 24 mg of total protein were isolated from 12 g of cells with a purity of 88% and 55% for Hb and MeHNL respectively. From the above described protocols 120 mg of each HNL can be isolated from respective 10 L expression. Purified samples were stored at −80°C until immobilization. SDS PAGE scans of purified HNLs are provided in Fig. S14 . †
Protein quantification
Quantification of the average total protein concentration was performed by the Bradford Assay 67 or the direct detect FTIR method based on the infrared absorption of the peptide bond. A bovine serum albumin (BSA) calibration curve was used as a standard.
Cyanolysis assay
HNL activities were quantified by means of a cyanolysis assay, in which the cleavage of (rac)-mandelonitrile ((rac)-2) to benzaldehyde (1) and hydrogen cyanide (cyanolysis) is followed by measuring the increase in absorbance at wavelength (λ) of 280 nm at 25°C. In short, MCF-APT was activated with 2.5 vol% buffered glutaraldehyde solution (potassium phosphate, 100 mM, pH 7.0). The mixture was gently stirred for 1 h. Glutaraldehyde activated MCF-APT or MCF-GPT carrier were suspended in 10 mL protein solution in potassium phosphate buffer (100 mM, pH 7.0), amounts and concentrations adopted to obtain a 1 : 10/1 : 20 or 1 : 40 enzyme : carrier w/w ratio. The mixture was stored for 24 h at 4°C and the excess protein was washed off with 20 mL potassium phosphate buffer (100 mM, pH 7.0), potassium phosphate buffer (100 mM, pH 7.0 + 0.5 M NaCl), sodium acetate buffer (100 mM, pH 5.0) and distilled water. Filtered preparations were suspended in 10 mL Tris-HCl buffer (500 mM, pH 8.0) for 24 h at 4°C. After washing with 20 mL potassium phosphate buffer (100 mM, pH 7.0), the immobilized enzyme preparations were stored resuspended in potassium phosphate buffer (100 mM, pH 7.0). Eluates from the immobilization steps were collected and analyzed for the presence of protein (Bradford assay) and the remaining HNL activity of the immobilized enzymes was determined by the cyanolysis assay.
Enzyme immobilization silica monolith
Monolith (6 × 40 mm, 0.96 mL, 260 mg silica) immobilization was carried out as in ref. 56 . In short, amino groups were activated with 2.5 vol% buffered glutaraldehyde solution (potassium phosphate, 100 mM, pH 7.0) for 60 min (0.5 mL min
−1
). Excess glutaraldehyde was washed off with distilled water for 60 min (0.5 mL min ). The protein solution in potassium phosphate buffer (100 mM, pH 7.0) was circulated through the reactor under recycling conditions for 2.5 h (0.5 mL min ) and suspended in Tris-HCl buffer overnight at 4°C. Finally, the monolith with immobilized enzyme was washed and stored resuspended in potassium phosphate buffer (100 mM, pH 7.0). Eluates from the immobilization steps were collected and analyzed for the presence of protein using the direct detect FTIR method based on the infrared absorption of the peptide bond.
Synthesis reactions of (S)-mandelonitrile ((S)-2) batch procedure.
50 mg HbHNL-MCF-APT (2.5 mg total protein; 150 U) (rinsed with citrate phosphate buffer (pH 5.0, 50 mM)) was added to a 4 mL reaction vial, followed by benzaldehyde (1) (100 μl, ±106 mg, 1 mmol) and 1,3,5-triisopropylbenzene (ISTD 1, 27.5 μL, ±25 mg, 0.1 mmol) under nitrogen. The reaction was started by addition of 2 mL HCN solution in MTBE (1.5-2 M, saturated with citrate/phosphate buffer 50 mM, pH 5.0). Reaction mixture was shaken (1000 rpm) at room temperature (18-22°C) . A small sample (10-25 μL) was taken at regular intervals and immediately analyzed by chiral HPLC (reaction set-up in Fig. S15 †) .
Synthesis reactions of (S)-mandelonitrile ((S)-2) continuous flow procedure
Prior to the reaction, the monolith (6 × 40 mm, 0.96 mL, 260 mg silica) was washed with citrate phosphate buffer (pH 5.0, 50 mM) for 30 min (0.5 mL min −1 ). Two high pressure pumps (Azura, KNAUER) connected to a mixing unit (with a T-piece assembly) were deployed (Fig. S16 †) . Pump 1 was used for the benzaldehyde (1) 
Stability studies
For the stability testing a 2 cm piece of MeHNL-silica monolith (3.3 mg total protein; 185 U) was left for prolonged time on stream at 0.1 mL min −1 or 0.2 mL min −1 flow rate. Samples of the reactor outflow were taken at regular intervals and analyzed by chiral HPLC.
HPLC method and sampling
Samples ( 
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